The apparent stochastic nature of earthquakes poses major challenges for earthquake forecasting attempts.
constitutive parameters greatly impacts the transient slip and nucleation behaviour, as seen in seismic cycle 48 simulations 30 .
49
As an alternative approach, microphysical models allow for an interpretation of their parameters in terms of "competent" lenses (competence defined at the imposed strain rate) that exhibits both pressure solution creep 72 and granular flow. In analogy to seismogenic asperities identified by seismological studies, we refer to fault 73 segments associated with competent lenses as asperities. These asperities obey a fractal distribution in size and 74 separation distance (c.f. Fagereng 38 ), adding to the complexity of heterogeneous faults.
75
In the CNS model formulation, both types of fault rock are governed by the same micro-scale mechanisms.
76
The compositional distinction between the two types is made through a contrast in pressure solution kinetics,
77
with the matrix exhibiting faster pressure solution kinetics than the asperities (Fig. 1b) observed in simulations with D = 2 (see Fig. 2a ).
109
Extending these observations to natural fault zones, one can draw an analogy between P-events, being
110
controlled by a local asperity distribution of nominally velocity-weakening material, and regular natural 111 earthquakes. The T-instabilities generated in the simulations may find their natural counterpart in multi-112 segment ruptures and anomalously large events (M w > 9), as appearing in palaeoseismic records 5, 6 . It is most 113 striking that simulations that are otherwise seismically quiet are also capable of generating T-instabilities. This
114
shows that the mechanisms and conditions for generating T-events are different from those for P-events.
115
Microphysical mechanisms behind giant earthquakes
116
More insight into the emergence of T-instabilities is gained by considering the time-evolution of average fault 117 stress (Fig. 2b) . In simulations that exhibit a fractal dimension D = 1, the average shear stress supported by 118 the asperities remains roughly constant over time, whereas the average stress on the matrix increases between 119 subsequent T-instabilities, so that the nett fault stress increases over time. At a critical value of stress, a
120
T-instability is generated. In the simulations with D = 2, the stress is more homogeneously distributed, and 121 the stress supported by both the asperities and the matrix segments follows a similar upward trajectory, until 122 a critical stress is reached and a T-instability nucleates.
123
The occurrence of a fault-spanning instability at a critical stress level can now be explained by a rheological It has been proposed 9,10,50 that giant earthquakes are a consequence of the conservation of seismic moment,
145
which requires that the long-term slip budget be closed. However, the exact mechanism by which this occurs
146 has yet to be elucidated. The stress-driven transition from non-dilatant to dilatant deformation provides a 147 plausible mechanism for conserving seismic moment on long (centennial to millenary) time-scales. Furthermore, 
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[8] Satake, K. Geological and historical evidence of irregular recurrent earthquakes in Japan. and pressure solution, which are dependent on the instantaneous state of stress and gouge porosity.
281
For intergranular pressure solution, the flow law for dissolution controlled pressure solution creep is given 282 as 8,9 :
Here,γ ps andε ps are the strain rates in the fault tangential and normal directions, respectively, A is a geometric 284 factor accounting for the grain shape, I s is the dissolution rate constant, Ω is the molar volume, R is the 285 universal gas constant, T is the absolute temperature, and τ and σ are the macroscopic shear and effective 286 normal stress, respectively. The evolution of the grain-grain contact area (and grain contact stress) with 287 porosity φ is described by the porosity function f i (φ) 10 . For dissolution controlled pressure solution creep, this 288 function takes the following form 3,9 :
where φ 0 is a lower cut-off porosity corresponding to the percolation threshold for an interconnected pore 
295
While the physical mechanisms behind this discrepancy are yet to be fully identified, the trends in the 296 experimental data can be approximated by the modified porosity function f 2 (φ), which asymptotically reduces 297ε ps to zero for φ → φ 0 . Furthermore, this ensures that φ > φ 0 at all times, preventing negative porosities that 298 are physically unrealistic. By contrast, shear creep accommodated by pressure solution does not involve volume 299 changes (i.e. porosity reduction), so it is expected thatγ ps > 0 even for φ = φ 0 . A functional form like f 1 (φ) is 300 therefore more likely to describe shear creep by pressure solution, as is adopted for this study.
301
The constitutive relations for granular flow have been derived as 2 :
ε gr = − tan ψγ gr (3b)
In these relations,γ gr andε gr denote the granular flow strain rates tangential and normal to the fault 303 plain, respectively, and tan ψ denotes the average grain-grain dilatation angle, which can be written as 
307
With the above constitutive relations for the relevant deformation mechanisms, the evolution of the 308 macroscopic shear stress and gouge porosity of a zero-dimensional (spring-block) fault can be expressed in the 309 following set of differential equations 2 : 
312
One important characteristic to note, is that the steady-state velocity-dependence of friction, i.e. a material 313 being velocity-strengthening or -weakening, changes with velocity (see Fig. 1b Here, K ij is a stress transfer kernel whose coefficients represent the shear stress induced on the i-th fault element by unitary slip on the j-th fault element, d j is the total fault slip on the j-th fault element, and 
The fault slip velocity V (t) is obtained as a function of stress and porosity as V (τ, σ, φ) = h [γ gr (τ, σ, φ) +γ ps (τ, φ)].
332
The acceleration term on right hand side of Eqn. (6) is then decomposed in its partial derivatives as:
Note that these partial derivatives are given specifically for the assumed porosity functions (Eqn. (2)).
334
Substitution of (7) into (6), and rearrangement gives:
These equations are of the general formẊ = F(X, t), with X(t) being a vector containing the collection of 336 τ i (t) and φ i (t) variables on all fault elements. This system of ordinary differential equations is solved by the 337 4(5) th -order Runge-Kutta-Fehlberg method with adaptive time stepping 16,17 .
338
Rendering the heterogeneous fault structure. By employing a microphysical model that contains 339 microstructural information, one can closely relate the model fault geometry to field and laboratory observations.
340
In this work, guided by numerous field reports, we define heterogeneity through spatial variations in pressure where F X is the cumulative size distribution of asperity size X, D is the fractal dimension (or power-law exponent), and c is a proportionality constant. Strictly speaking, this cumulative distribution function does not exist for D > 0 on an infinite domain, but it can be re-defined based on a re-scaled probability density 346 function integrated over a finite range of 0 < x min ≤ X ≤ x max and D = 0, which yields:
In accordance with the above relations, the realisation of the asperity size distribution x can be generated from 348 a uniform variate X as:
The procedure to render a fault with the desired statistical properties is then as follows: 3. In order to obtain the desired asperity occupation ratio f , x i is multiplied by f / (1 − f ) (i.e. the ratio of 356 total asperity length over total matrix length) before being combined in an arrangement with y i ;
357
4. The spatial distribution of Z ps for the asperities and the matrix is then sampled from a piece-wise 358 alternating arrangement of x i and y i , respectively, where i ranges from 1 to N , so that
359
In other words, the spatial layout of the fault follows an arrangement x 1 , y 1 , x 2 , y 2 , ..., x N , y N ;
360
Owing to the fault's finite size, stochastic noise causes some variability in the statistical properties of the 361 fault geometry, e.g. by randomly introducing one excessively large asperity, which skews the asperity size distribution and f from the expected values, the rendered fault structure is rejected and a new one generated.
365
From the above procedure, we obtain a fault structure that is consistent with our interpretation of the field 366 observations summarised in Supplementary Information S3 (see also Fig. 1 ). This fault geometry is projected 367 onto a one-dimensional periodic fault, and the fault is subjected to down-dip conditions of V imp = 10 −9 m s 
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Figure 2 Examples of model fault behaviour. a, Spatio-temporal distribution of fault slip velocity (left panels) and nucleation of the last T-instability in each simulation (right panels). The fractal dimension D is as indicated. P-instabilities are identified as small 'hot' regions that span only a portion of the fault, whereas T-instabilities span the entire fault. For reference, the seismogenic asperity distribution is indicated by the black bars at the top of each panel. Simulations with D = 1 show numerous regular earthquakes controlled by the local asperity distribution, and a cascade-up style of nucleation of a T-instability. Simulations with D = 2 exhibits only minute slow slip events during the interseismic period of a T-event, which emerges with no precursory activity from a small nucleus. b, Time-series of the average stress supported by the asperities, the matrix, and the fault as a whole, for D = 1 and D = 2. A T-instability is triggered when the stress supported by the matrix reaches a critical value. Figure 3 Synoptic overview of the nucleation process. The steady-state strength profile of the matrix, as a function of strain rate, is characterised by a transition from non-dilatant ductile creep (stable) to dilatant granular flow (unstable). At a given moment in time, the stress supported by the matrix is indicated by point 1. Due to tectonic loading and non-uniform fault slip, the stress on the matrix increases (point 2). At a critical value of stress, the matrix enters the dilatant granular flow regime, and a T-instability nucleates.
